Abstract-During the past two decades, the doubly fed induction generator (DFIG) based wind farm has been under rapid growth, and the increasing wind power penetration has been seen. Practically, these wind farms are connected to the three-phase ac grid through long transmission cable which can be modeled as several Π units. The impedance of this cable cannot be neglected and requires careful investigation due to its long distance. As a result, the impedance interaction between the DFIG-based wind farm and the long cable is inevitable, and may produce high-frequency resonance (HFR) in the wind farm. This paper discusses the HFR of the large-scale DFIG-based wind farm connected to the long cable. Several influencing factors, including 1) the length of the cable, 2) the output active power, and 3) the rotor speed, are investigated. The transformer leakage inductances in the transmission system are taken into consideration when investigating the HFR. Simulation validations using MATLAB/Simulink have been conducted to verify the theoretical analysis.
I. INTRODUCTION

D
URING the past two decades, the Doubly Fed Induction Generator (DFIG) based wind farm has been under rapid growth and contributes to the increasing penetration of wind power. As the wind power generation techniques develop, several wind power plant configurations are implemented, including the High Voltage Direct Current (HVDC) based offshore wind farm and the High Voltage Alternating Current (HVAC) based offshore wind farm [1] - [3] . Improved control strategies for DFIG based wind power system considering grid voltage fault [4] , virtual inertia control [5] , grid voltage unbalance [6] , [7] , grid voltage harmonic distortion [8] as well as connection to the dc voltage grid [9] have been investigated.
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Digital Object Identifier 10.1109/TEC.2018.2794367 characters of 1) the multiple DFIG units in the wind farm are working in parallel through a common AC bus connection at the voltage level of 33/66 kV; 2) the offshore location requires long transmission cables at the voltage level of 150 kV, thus its impedance is relatively large and can not be neglected.
As investigated in previous works [10] - [12] , the impedance modeling of the long transmission cable is in this paper assumed to be a series connection of several Π units, which contain a cable resistance and cable inductance in series connection and cable shunt capacitance between the cable and the ground at both ends [10] - [12] .
On the other hand, the DFIG based wind power system consists of the DFIG generator and the Rotor Side Converter (RSC), as well as the Grid Side Converter (GSC) with the output LCL filter. Since the DFIG system behaves mostly inductive in the control frequency range [12] - [15] , the DFIG based wind farm with hundreds of DFIG units will also behave inductive under these circumstances.
Due to the inductive behavior of the DFIG based wind farm and the capacitive behavior of the long transmission cable, a resonance may happen as a consequence of the impedance interaction in certain frequency range. Note that the High Frequency Resonance (HFR) has been investigated in [12] - [15] , and the corresponding active damping strategies for the HFR were proposed in [12] , [13] , [15] . However, only a single DFIG system, rather than a wind farm with multiple DFIGs in parallel connections, was discussed. Furthermore, no detailed discussion on the impedance modeling of the long transmission cable was given.
Compared with the previous studies [12] - [15] , the main contribution of this paper is the HFR in DFIG based wind farm containing large numbers of DFIG units, as well as the long transmission cables. Besides, several influencing factors on the HFR, including 1) the length of the cable, 2) the output active power and 3) the rotor speed, will be studied. Moreover, the leakage inductance of the voltage-level increasing transformer in the wind farm may always exist in the practice, thus the transformer leakage inductance needs to be taken into consideration when discussing the HFR.
It is essential to point out that besides the HFR to be discussed in this paper, the DFIG based wind farm is also likely to suffer Sub-Synchronous Resonance (SSR) which has been under investigation for decades [16] - [22] . One major difference between the SSR and HFR is that the SSR always happens at the Fig. 1 . Diagram of the DFIG based wind farm with n wind turbines connected to a long transmission cable frequency below the fundamental frequency, while the HFR is always much higher than the fundamental frequency. The other difference is that these two resonances happen under different conditions, i.e., the SSR occurs under the condition of the series compensated transmission cable with intentionally inserted series capacitance, while the HFR occurs under the condition of the shunt capacitance connected to the transmission cable. Therefore, it can be seen that these two resonances are independent resonance phenomena, and the main topic of this paper is the HFR in the wind farm connected to the long transmission cable.
This paper is organized as following: the impedance modeling of a single DFIG system unit will be discussed as an analysis platform, then the impedance modeling of the overall DFIG based wind farm can be obtained in Section II. Thereafter, the impedance modeling of the long transmission cable at 150 kV AC bus is established in Section III. Then, the HFR can be analyzed on the basis of the obtained impedance modeling of both the wind farm and the transmission cable which is described in Section IV. Finally, the simulation validations based on MAT-LAB/Simulink are provided in Section V in order to verify the analysis of the HFR in the DFIG based wind farm.
II. IMPEDANCE MODELING OF WIND FARM AND TRANSMISSION CABLES
Before establishing the impedance modeling, it is firstly necessary to introduce the configuration of the DFIG based wind farm and the long transmission cables as shown in Fig. 1 . It needs to be pointed out that the HFR discussed in this paper is above the frequency of 1 kHz. While, the synchronization closed-loop control bandwidth is typically below 100 Hz [4] , [5] , and the output power closed-loop control bandwidth is also typically below 100 Hz [4] , [5] . Thus, the synchronization and power control loop can be neglected when investigating the HFR. Fig. 1 shows the diagram of the DFIG based wind farm connected to the long transmission cable. For each of the single DFIG unit, it contains two parts, i.e., 1) the RSC and the DFIG generator, 2) the GSC and the output LCL filter. The output voltages of these two parts are adjusted through a three-terminal transformer T 1 to be 690 V. The parameters of the DFIG system unit are shown in Table I .
A. Introduction to the Wind Farm and Long Cable
Then, in order to connect each single DFIG unit to the 33 kV AC bus, the transformer T 2 is adopted to increase the voltage level from 690 V to 33 kV. The short transmission cable at 33 kV is used to connect between the output of each unit and the 33 kV common bus. Since the length of the 33 kV cable is relatively short set as 1 km [23], it is modelled as a series connection of cable resistor R 0 and a cable inductor L 0 . Multiple DFIG units together build up the large scale DFIG based wind farm with a common connection to a 33 kV AC bus.
After collecting the wind power at 33 kV AC bus, the voltage level is again increased up to 150 kV through the transformer T 3 . The long transmission cable at 150 kV is assumed to be much longer than the 33 kV cable, and it is modelled as the series connection of several Π units, i.e., the cable resistor R 1 and the cable inductor L 1 in series connection and the cable shunt capacitor C 1 /2 between the cable and the ground at both ends.
B. Impedance Modeling of the DFIG Based Wind Farm
The impedance modeling of the single DFIG unit is established first in this section. Note that the impedance modeling 
Transmission cable of the single DFIG unit, including both the RSC and the DFIG generator, as well as the GSC and the output LCL filter, has been obtained as done in [12] - [15] . Here for the sake of simplicity, the impedances of the two parts are mentioned here as the following. The grid part of the DFIG system contains the GSC and the LCL filter, and its impedance modeling [12] - [15] in the stationary frame is presented in Fig. 2 . Then, the impedance of the DFIG grid side in the stationary frame can be obtained as,
is the LCLfilter capacitance, L f is the converter side inductance, and L g is the LCL grid side inductance. K 1 is the voltage ratio between V G and V PCC defined as
is the PI current controller containing the proportional part K pgsc and the integral part K igsc /(s − jω 0 ), the parameters of K pgsc and K igsc can also be found in Table I . G d (s − jω 0 ) is the digital control delay of 1.5 sample period due to the delay of sampling and PWM update [12] - [15] . It needs to be pointed out that ω 0 is the grid fundamental component angular speed of 100π rad/s. The introduction of ω 0 is due to the reference frame rotation from the stationary frame to the synchronous frame, where the PI closed-loop current control is implemented. The control loop of the dc-link voltage and the grid synchronization in the GSC are neglected due to the slower dynamic response [12] - [15] .
On the other hand, the impedance of the RSC and DFIG generator [12] - [15] in the stationary frame can be obtained in Fig. 3 as,
R r is the rotor resistance, L m is the mutual inductance, L σ r is the rotor leakage inductance, and L σ s is the stator leakage inductance. K 2 is the voltage ratio between V S and V PCC as defined K 2 = V PCC /V S . Since the rotor current control is implemented in the synchronous reference frame, it needs to be transformed into the rotor stationary frame using the slip angular speed expressed as [12] - [15] ,
where, ω r is the rotor angular speed. Since the RSC and DFIG generator Z SR and the GSC and LCL-filter Z G are connected in parallel, the single DFIG unit impedance Z single can be obtained based on (1) and (2) as,
where,
Based on the impedance modeling of the single DFIG unit shown above, two conclusions can be obtained, 1) The impedance modeling of the single DFIG unit does not involve its output power, which indicates that different output power is irrelevant to the impedance of the DFIG unit; 2) The variable rotor speed does not cause any significant variation of the rotor slip value in the high frequency range, which indicates that the rotor speed is also irrelevant to the impedance of the DFIG unit.
Based on the above two conclusions, it is appropriate and reasonable to assume that all the DFIG units in the wind farm are working in the same condition in parallel, thus the impedance of the entire wind farm can be obtained by dividing the impedance of the single DFIG unit with the number of units n, while at the same time taking into consideration the 33 kV cable.
where, n is the number of DFIG units, l 33 is the length of the 33 kV cable, L 0 and R 0 is the resistance and inductance per km of the 33 kV cable given in Table I . Importantly, it needs to be pointed out that, from the engineering perspective, the current control bandwidth using PI controller is normally selected as 1/20-1/10 of the switching frequency f sw = 2.5 kHz for the sake of satisfactory closed-loop control performance [25] , that is, 125 Hz-250 Hz for the current closed-loop control in the DFIG based wind farm discussed in this paper. On the other hand, the HFR is comparatively at much higher frequency range above 1 kHz. Therefore, based on above explanation, it is believed that the current control bandwidth in RSC and GSC (which is from 125 Hz to 250 Hz) and the HFR (which is above 1 kHz) are indeed irrelevant to each other.
C. Impedance Modeling of the Long Transmission Cable
The modeling of the transmission cable has been well investigated in [24] and the Π unit based cable modeling is a common solution which is shown in Fig. 4 .
On one hand, the accurate Π unit based cable modeling shown in Fig. 4(a) can be calculated as the following [24] ,
where, l is the length of the cable; Z c and γ are the surge impedance and the propagation constant of the cable respectively, which can be expressed as,
where, R 0 , C 0 and L 0 are the cable resistance, capacitance and inductance per km given in Table I . On the other hand, considering that the accurate modeling in Fig. 4(a) is mathematically complicated for the analysis in this paper, it is necessary to adopt the simplified Π unit based cable modeling as shown in Fig. 4(b) . As it can be seen, the simplified Π unit contains the cable resistance R 1 and inductance L 1 in series connection, and the shunt capacitance C 1 /2 between the cable and the ground. Note that R 1 , L 1 and C 1 are the cable parameters of each single Π unit, and the length of each single Π unit l single needs to be taken into consideration.
Then, based on the above assumptions, the simplified Π unit based cable modeling can be deduced as following, 1) One PI unit and its impedance expression Z unit(1)
2) Two PI units and its impedance expression Z unit (2) Y unit(2) = 1
3) Three PI units and its impedance expression Zunit(3)
4) Based on above deduction, it can be seen that the cable impedance expression is a kind of iteration, therefore the impedance of the n PI units can be deduced on the basis of the n-1 PI units.
where, K 4 = V HV /V MV is the voltage ratio between the high voltage V HV = 150 kV and the medium voltage V MV = 33 kV.
D. Comparison Between the Accurate and the Simplified Cable Modeling
In order to verify that the simplified model in Fig. 4(b) is sufficiently accurate to represent the accurate model given in Fig. 4(a) , these two models need to be compared in the interested frequency range. As it can be found from (6)-(11), the length of the single unit l single and the number of Π units n can vary during the modeling (while the total cable length l can be calculated as l = l single * n). The following discussions are conducted using different single unit lengths l single = 2, 3, 4 km per unit and the unit number n = 12, 8, 6 correspondingly, thus the total length l is set constant as 24 km.
As shown in Fig. 5(a) , the best accuracy of the simplified modeling among the three cases can be achieved with the shortest single unit length l single = 2 km. However the largest number n = 12 is required with the highest complexity. On the contrary, when the unit length increases as l single = 3 km in Fig. 5(b) and l single = 4 km in Fig. 5(c) , the modeling accuracy decreases, but the modeling becomes simpler with less Π units.
By comparing the three cases in Fig. 5 , it can be seen that the shorter length of the single unit ensures better cable modeling accuracy, however at the expense of higher cable modeling complexity. From the perspective of compromise between the modeling accuracy and complexity, the length of a single unit is chosen as l single = 3 km per unit in the following discussion.
III. ANALYSIS OF HFR IN WIND FARM
Based on the impedance modeling obtained in the above section, the HFR can be analyzed using the Bode diagram analysis method.
A. Discussion Regarding Different Lengths of 150 kV Cable
The impedance interaction between the DFIG based wind farm and the long transmission cable can be investigated at the point of the 33 kV AC bus. Note that, three cases of different total cable lengths will be discussed in the following analysis, i.e., total length l = 18 km (with 6 Π units), 24 km (with 8 Π units), 30 km (with 10 Π units). The rated power of each single DFIG unit is set as 2 MW, and it is assumed that 200 DFIG units are working together in the wind farm, thus building up the total capacity of 400 MW. Table I . The length of the 33 kV cable is set as 1 km.
As it can be seen from Fig. 6(a) , the impedance of the 6 Π units 18 km 150 kV transmission cable in blue has one magnitude peaks in the interested frequency range, and its phase response varies between +90°and −90°. On the other hand, the wind farm behaves mostly inductive with a phase response of +90°. As shown in Fig. 6(a) , the magnitude intersection point exists between the wind farm and the long cable at 2220 Hz, and the phase difference at this frequency is 180°, therefore the HFR consequently occurs at 2220 Hz.
Similarly, for the case of 150 kV cable with 8 Π units, 24 km shown in Fig. 6(b) , the magnitude intersection point between the wind farm and the long cable at 1780 Hz has a phase difference of 180°, thus causing the HFR at 1780 Hz as a result.
Moreover, for the case of 150 kV cable using 10 Π units, 30 km as shown in Fig. 6(c) , the magnitude intersection point at 1550 Hz has the phase difference of 180°between the wind farm and the long cable, which indicates the occurrence of the HFR at 1550 Hz.
It should be noted that for all the three cases discussed in Fig. 6 , there are additional magnitude intersection points in the Bode diagrams, however the phase difference at these intersection points are smaller than 180°, therefore the potential HFR maybe well damped at these frequencies due to the sufficient damping. Table I .
Based on the above discussions regarding different length of the 150 kV transmission cable with different numbers of Π units, it can be seen that the occurrence of the HFR in the wind farm depends partly on the length of the transmission cable, or to be more specific, on the impedance behavior of the transmission cable.
Furthermore, it can be seen that the frequency of the HFR tends to become lower due to the magnitude peak shifting towards lower frequency range as the transmission cable becomes longer.
B. Discussion Regarding Different Rotor Speed and Output Power
Besides the different cable length discussed above, the rotor speed is also a variable in practice, it is meaningful to discuss the influence of the rotor speed on the occurrence of the HFR.
However, based on the impedance modeling of the single DFIG unit Z single , it can be observed that the rotor speed is irrelevant to its impedance modeling. Thus, the rotor speed is not important to the occurrence of HFR in the wind farm. This conclusion will be validated by some simulation results shown in the following.
Similarly, the output wind power is not included in the impedance modeling of the single DFIG either. As a consequence, the output wind power is not important to the occurrence of HFR, which will also be verified in the following simulation results.
IV. SIMULATION VALIDATION
A. Simulation Setup
In order to validate the HFR in the wind farm, a simulation model is built up, the control block is shown in Fig. 7 , and the DFIG system parameters can be found in Table I . The transmission cables are simulated as shown in Fig. 1 with their parameters listed in Table I . The rotor speed is set to 1200 rpm (0.8 p.u.), with the synchronous speed of 1500 rpm (1.0 p.u.). The dc-link voltage is 1200 V. The switching frequency f sw for both RSC and GSC is 2.5 kHz, the sampling frequency f s for both RSC and GSC is 5 kHz. The output wind power is set as 1.0 p.u. active power and 0.0 p.u. reactive power.
Since it is impossible to run the simulation based on MABLAB/Simulink with 200 single DFIG units, two single DFIG units are adopted here, while the impedance of the transmission cables are multiplied with 100 to represent the total number of 200 DFIG units, which finally build up a 400 MW wind farm. Fig. 7 shows the control block diagram of a single DFIG unit including the connection to the grid through long transmission cables. As it can be seen, for the RSC control, an Enhanced Phase Locked Loop (EPLL) is used to provide the information of grid voltage fundamental synchronous angular speed ω 1 and angle θ 1 information, while an encoder gives out the DFIG rotor position θ r and speed ω r . The rotor current I + rdq is first sampled and then controlled based on the reference value I + * rdq with a PI controller to output the harvested wind energy. The output of the rotor current PI closed-loop control V + rdqPI are added together with the decoupling compensation, giving out the rotor control voltage V + rdq , which is then transformed to the rotor stationary frame and delivered as the input to the Space Vector Pulse Width Modulation (SVPWM).
B. Control Block Diagram
As for the GSC control, the dc-link voltage V dc is well regulated by a PI controller, and its output is delivered as the converter side inductance filter current reference I + * fdq , which is used to regulate the actual converter side inductance filter current I + fdq by a PI controller. Similarly, the GSC control voltage V + gdq can be obtained by the PI current controller output and the decoupling compensation. 
C. Steady State Simulation Results
Figs. 8-10 show the steady state simulation results of the DFIG waveforms with three cases of different 150 kV cable length, that is, 6 Π units, 18 km in Fig. 8 ; 8 Π units, 24 km in Fig. 9 ; 10 Π units, 30 km in Fig. 10 .
As it can be observed from Figs. 8-10, the DFIG waveforms of all the three cases contain high frequency resonance components. By comparing the simulation results in Figs. 8-10 with the theoretical analysis in Fig. 6 , it can be seen that the simulation results match well with the theoretical analysis, that is, 1) Analysis HFR = 2220 Hz in Fig. 6 (a) and simulation HFR = 2245 Hz in Fig. 8(b) for the case of 150 kV cable using 6 Π units, 18 km; 2) Analysis HFR = 1780 Hz in Fig. 6(b) and simulation HFR = 1800 Hz in Fig. 9(b) for the case of 150 kV cable using 8 Π units, 24 km; 3) Analysis HFR = 1550 Hz in Fig. 6 (c) and simulation HFR = 1575 Hz in Fig. 10(b) for the case of 150 kV cable using 10 Π units, 30 km. Thus, the steady state simulation results are able to validate the analysis of the HFR in the wind farm. Fig. 11 shows the simulation results of DFIG waveform when the output power steps from 1.0 p.u. to 0.5 p.u. and the 150 kV cable is modelled as 10 Π units, 30 km. It can be observed that the HFR remains constant both before and after the output power is changed. Thus, it can be verified that the output power of the DFIG based wind farm is irrelevant to the HFR phenomenon. Fig. 12 shows the simulation results of DFIG waveform when the rotor speed is 1.2 p.u. and the 150 kV cable is modelled as 10 Π units, 30 km. By comparing Figs. 10 and 12, it can be seen that the HFR phenomenon of these two simulation results are the same, thus it can be verified that the rotor speed is not important to the HFR in the DFIG based wind farm.
D. Simulation Results With Variable Rotor Speed and Variable Output Power
V. DISCUSSION ON THE INFLUENCE OF TRANSFORMER LEAKAGE INDUCTANCE ON HFR
It should be pointed out that the HFR analysis above is conducted under the assumption that the transformer is ideal without the consideration of the leakage inductance at both low and high voltage side windings. However, if the leakage inductance of the transformer is considerable against the inductance of the filter, it should be taken into consideration. The following part discusses the HFR performance when the different transformer leakage inductances in Table II is included during the impedance modeling, and the transformer of 690 V/33 kV shown as T2 in Fig. 1 is taken as an example. Three different case studies will be conducted as following. The Bode diagram of the impedances is shown in Fig. 13 , including different leakage inductances of the transformer. As it can be seen from Fig. 13 , when the transformer leakage inductance becomes larger, the impedance curve of the DFIG system goes higher, and the magnitude intersection point between the cable and the DFIG system shifts towards lower frequency direction from 1780 Hz to 1660 Hz, 1570 Hz and 1510 Hz as shown in Table III . In order to validate the theoretical analysis above, the time domain simulations of four different case studies are conducted, and the simulation results are shown in Figs. 14-16. Thus, it can be found out that the time domain simulation results match well with the Bode diagram based theoretical analysis results, and the methodology used to identify the HFR in this paper is verified again with the inclusion of the different transformer leakage inductances. 
VI. CONCLUSION
This paper has investigated the HFR phenomenon in the DFIG based wind farm connected to the long transmission cables, which are modelled as several Π units, i.e., the cable resistor and inductor in series connection and the shunt capacitor at both ends between the cable and the ground. Several conclusions can be drawn.
1) The Bode diagram based analysis method can be adopted to theoretically explain the principle of the HFR, and simulation results are provided to validate the HFR. 2) The longer transmission cable results in more Π units, and consequently a lower HFR frequency due to the magnitude peak shifting towards lower frequency range as the transmission cable becomes longer.
3) The variable rotor speed and the output wind power are irrelevant to the wind farm HFR phenomenon since these two elements are not involved in the impedance modeling of the DFIG system.
It is also important to note that the HFR discussed here is typically above 1 kHz, therefore the skin effect may have certain influence. However, "how serious this influence is" may vary and be dependent on the different cable manufacture materials. Thus, for the sake of simplicity, the skin effect is not taken into consideration, and maybe an interesting topic in the future. Furthermore, the analysis of the contribution factors of the several DFIG system components on the resonance could definitely be an interesting topic to investigate in the future works.
